The polymerase chain reaction and hybridization to genomic blots were used to investigate whether the previously observed inclusion of 5s ribosomal RNA genes in the 28S-18s ribosomal DNA intergenic regions of some crustacean species (copepods) could also be detected in other arthropods. Such an arrangement was found not only in other calanoid copepod species but also in a cirriped, an euphausid, and a spider. It is interesting that species from two different calanoid copepod genera do not have this type of arrangement. We conclude that the inclusion of 5s ribosomal RNA genes within the ribosomal DNA repeats has probably occurred repeatedly during the evolution of arthropod species and that the mechanism(s) responsible for these insertions could also be responsible for their loss.
Introduction
In higher eukaryotes, the genes coding for 18S, 5.8S, and 28s ribosomal RNAs are usually linked in that order and are co&an&bed in tandemly repeating units. The 5s ribosomal RNA (5s) genes of these organisms are usually found either as tandem arrays residing outside the ribosomal DNA repeat units (rDNA) or dispersed in numerous genomic sites. Such an absence of linkage between 5s genes and rDNA genes is typical of all vertebrate and insect species so far studied (Gerbi 1985) . However, several recent studies have shown that 5s genes can be linked to diverse tandemly repeated gene families. We have previously shown that 5s genes are linked to the rDNA of the copepod crustacean species Calanusfinmarchicus (Drouin et al. 1987) . A similar situation was also reported in the nematode Meloidogyne arenaria (Vahidi et al. 1988 ) . On the other hand, the 5s genes of the nematode Caenorhabditis elegans have been shown to be linked to the tandemly repeated trans-spliced leader sequences of this species (Krause and Hirsh 1985 ) . Furthermore, in another crustacean species, the branchiopod Artemia salina, 5s genes are found only as part of the histone gene repeats of this species (Andrews et al. 1987; Cruces et al. 1989) .
We have studied the distribution of 5s genes in several arthropod species by using a combination of Southern blot hybridizations to 28S-18s intergenic regions amplified by the polymerase chain reaction (PCR) and to restriction digests of genomic DNAs. Our original goal was to try to place, within a crustacean or arthropod phylogeny, the 1. Key words: 5S ribosomal genes, ribosomal DNA repeats, arthropods, concerted evolution, polymerase chain reaction. insertion event which led to the inclusion of the 5S genes into the rDNA genes of copepods of the genus Calanus. However, we found that the linkage of 5s genes to rDNA genes is present in several crustacean species but is not conserved in all of them.
Material and Methods
All of the species analyzed were collected from the wild, in the area surrounding Halifax. A list of the arthropod species discussed is given in the Appendix. The systematic status of these species is listed according to the protocol of Brusca and Brusca ( 1990, pp. 463-464) , for the arthropod and crustacean classification, and according to the protocol of Tremblay and Anderson ( 1984) ) for the classification of copepods.
Genomic DNAs were extracted and purified according to a method described by Drouin ( 1984) . The intergenic regions present between the 3' end of the 28s rRNA genes and the 5' end of the 18s rRNA genes were amplified by PCR using the primers G and H as described by Buchko and Klassen ( 1990) . Primer G ( dCCAAGAATTTCACCTCTGAC ) anneals at -900 bp from the 5 ' end of the 18s rRNA genes and is extended in the upstream direction. Primer H (dCCTCGATGT-CGGCTCTTC) anneals at -500 bp from the 3' end of the 28s rRNA genes and is extended in the downstream direction ( fig. 1) .
PCR was performed in loo-p1 volumes in the following assay conditions: 50 mM KCl, 10 mM Tris-HCl pH 8.8 at 25"C, 5 mM dithiothreitol, 100 yg bovine serum albumin/ml, 200 pM each of dATP, dCTP, dGTP, and dTTP, 20 pmol of each primer, 0.1 pg of genomic DNA, and 2.5 units of Taq polymerase (Cetus). Optimal amplifications were obtained at different MgC12 concentrations (depending on the species) and ranged from 1.5 mM to 2.25 mM in 0.25-mM increments.
Amplifications were performed in a Pet-kin Elmer Cetus DNA thermal cycler using the step-cycle program set to denature the DNA at 94°C for 1 min, anneal it at 45"-55°C for l-2 min (depending on the species), and extend it at 72°C for 8 min, all for 30 cycles, followed by a cycle with a 15-min extension at 72°C. The products were chloroform extracted to remove the remaining overlay of mineral oil, were ethanol precipitated, and were dissolved in 20 ~1 of TE ( 10 mM Tris-HCl pH 8.0, 1 mM ethylenediaminetetraacetate)
. Between 5 and 20 pl of these PCR products were electrophoresed on 1% agarose gels. The gels were transferred to Biotrans nylon membranes (ICN) according to standard methods (Maniatis et al. 1982, pp. 383-385) , and, when needed, the probes were removed from the membranes according to the manufacturer's (ICN) instructions.
To assess the presence of 5S genes within the intergenic region of DNA repeats, a "universal" 5s oligonucleotide probe was synthesized. This probe is 25 nucleotides long, is fourfold degenerate, contains two deoxyinosine (I) residues, and has the following sequence: pAGTACTTRGATGGGIGACCICYTGG.
Its sequence was determined by establishing a consensus from the multicellular eukaryote 5s gene sequences reported by Erdmann et al. ( 1985 ) and covers nucleotides 92-116 of their alignment.
To confirm that the PCR fragments amplified with oligonucleotides G and H represented actual rDNA genes, we hybridized them to gel-purified 18s and 28s rDNA fragments from the Y22 clone of the Drosophila melunoguster rDNA unit (Dawid et al. 1978) . The 18s probe contained the 5' end of that gene and consisted of the 0.7-kb HindIII/HaeIII fragment obtained from digesting, with HueIII, the gel-purified 6.0-kb Hind111 fragment of clone Y22. The 28s probe contained the 3' end of that gene and consisted of the 1. 1-kb Hind111 fragment of clone Y22 ( fig. 1 ). These probes were also used in hybridizations to Southern blots of genomic DNAs digested with restriction endonucleases.
The 5s oligonucleotide was labeled with T4 polynucleotide kinase (Pharmacia) as recommended by the manufacturer and was hybridized at 42°C under the conditions described by Btirglin et al. ( 1989) , except that the tetramethyl ammonium chloride wash was omitted. DNA fragments were labeled with 32PdCTP by using a random primer oligolabeling kit (Pharmacia) and were hybridized overnight at 42°C in 4.8 X SSC ( 1 X SSC = 0.15 M in sodium chloride and 0.0 15 M in trisodium citrate), 48% formamide, 20 mM Tris-HCl pH 7.6, 1 X Denhardt's solution, 10% dextran sulfate (Pharmacia), 0.1% sodium dodecyl sulfate, and 100 kg sonicated salmon sperm DNA/ml. The membranes were washed three times, for 10 min each, in 2 X SSC, 0.1% sodium dodecyl sulfate at room temperature.
Results
Using the primers G and H, we amplified the 28S-18s rDNA intergenic regions from the genome of eight arthropod species, as confirmed by the hybridization of these PCR products to our 18s and 28s probe. Figure 2 shows the results of the hybridization of a Southern blot of the PCR products obtained which was sequentially probed with the 5s oligonucleotide ( fig. 2A) , the 18s rDNA fragment ( fig. 2B) , and the 28s rDNA fragment ( fig. 2C ). These results ( 1) confirm earlier findings that calanoid copepod species of the genus Calanus have a copy of a 5s gene in the intergenic spacer between the 18s and 28s rRNA genes (Drouin et al. 1987) ; (2) indicate that two other copepod species, belonging to two different families, do not have 5s genes within their rDNA repeats; (3) reveal that the linkage of 5s genes to rDNA is not restricted to copepods of the genus Calanus but is also present in at least one euphausid species ( Thysanoessu raschi) and one spider species (Aruneus sp.); and (4) reveal that the PCR amplification of the intergenic ribosomal spacer produced more than one band, as well as smears, in several of these species. These different bands and smears could represent different length variants of this region in the genome of these species. This suggestion is consistent with the length heterogeneity of the intergenic spacer we previously observed in the cloned rDNA units of C. jinmarchicus and C. glacialis (Drouin et al. 1987 ). Alternatively, they might represent spurious bands produced during the amplification. Whatever their source, all the fragments produced hybridized with our 5s gene probe in all species except the copepod species Pseudocalanus minutus and Eurytemora herdmani.
The results of the hybridization of a Southern blot containing the genomic DNA of seven crustacean species that was digested with the restriction enzyme Bg111 and revealed such a linkage in the genome of the euphausid Thyanoessa raschi and of the spider Araneus sp. (fig. 2) . The genomic blots in figure 3 also show, within the resolution limits mentioned above, that 5S genes are linked to the rDNA units in the genome of the copepod Temora longicornis and the ciniped Balanus balanoides. Furthermore, the genomic blots (figs. 3 and 4) clearly show that the lack of hybridization of our 5s oligonucleotide probe to the PCR products of P. minutus and E. herdmani ( fig. 2) is not due to insufficient similarity to hybridize to the 5s genes of these two species; but this lack of hybridization does indicate, within the resolution limits mentioned above, that 5s genes are not present in the rDNA units of these two species.
That most, if not all, species that have 5S genes in their rDNA units also have 5S genes outside these units ( fig. 3 ) suggests that such dispersed copies could have been the original source of the 5S gene insertions into a given rDNA unit. This particular rDNA unit could then have converted other repeats by stochastic processes such as unequal crossing-over and gene conversion. The loss of 5S genes from all such rDNA units could presumably follow a reverse scenario, as long as there were 5S gene copies elsewhere in the genome.
Is the linkage of 5S genes to the rDNA units of arthropods representative of an ancestral arrangement, or does it represent a derived condition? Although 5S genes are not linked to rDNA units in most eukaryotes, such an association has been found in the genome of several fungi and protozoa (Gerbi 1985 ) . Furthermore the 5S genes of two annelid species are linked to two different tandemly repeated gene families: the rDNA units of the annelid Meloidogvne arenaria and the trans-spliced leader sequences of the annelid Caenorhabditis elegans.
The most recent evidence suggests that arthropods constitute a monophyletic group that originated from an annelid ancestor, itself ultimately derived from a protozoan ancestor (Brusca and Brusca 1990, pp. 68 l-69 1 and 879-886) . In view of the fact that the linkage of 5S genes is not conserved between either protozoans or annelids, it is not possible to infer the linkage relationship of these genes in the common ancestor to arthropods by considering the groups that gave rise to it. Such an inference is also not possible for the arthropod species. Extant arthropods are usually divided into three major groups: uniramians (insects and myriapods), chelicerates (spiders and allies), and crustaceans. As mentioned above, 5S genes are known not to be linked to the rDNA units of Drosophila melanogaster and Acheta domesticus (Bene and Cave 1985; Gerbi 1985) . We have shown that 5S genes are linked to rDNA units in at least one spider species and that such a linkage is present in five copepods, a cirriped species, and an euphausid species but that it is absent in two of the copepod species we studied. Another crustacean species, the brine shrimp Artemia salina, has its 5S genes present only in its histone gene repeats ( Andrews et al. 1987 ) . The absence of linkage of 5S genes to rDNA units in all insect species so far studied argues against the arthropod ancestor having such linkage. To explain this absence of linkage, one might then argue that 5S genes became linked to the rDNA units of a common ancestor of crustaceans and chelicerates. This would explain the presence of the 5S genes within the rDNA units of several copepod species and a cirriped, all of the crustacean class Maxillipoda, and the euphausid T. raschi of the crustacean class Malascostraca, as well as the spider Araneus. However, this suggestion does not explain how one species of the crustacean class Branchiopoda, the brine shrimp A. salina, has its 5S genes linked to its histonegene repeat units. Furthermore, such a suggestion also does not explain how two of the copepod species we studied do not have 5S genes linked to their rDNA units whereas five others do. The pattern of presence and absence of linkage of 5s genes to rDNA units of cirripeds and copepods, both belonging to the crustacean class Maxillipoda, also cannot be explained by a single insertion event in the common ancestor of the members of this class.
We suggest that the most parsimonious explanation of the data is that the arrangement of 5s genes is not fixed during evolution. This implies that there would not be strong selection against the transposition of 5s genes to new genomic locations. This suggestion is compatible with the 5S genes of several species having their RNA polymerase III promoters within their coding regions. (Singer and Berg 199 1, .
Several previous studies have shown that the observed concerted evolution of tandemly repeated multigene families, such as the rDNA gene family, is most likely the result of several stochastic processes such as transposition, unequal crossing-over, and gene conversion (Dover 1982; Amheim 1983; Dover and Tautz 1986) . Our results constitute another example of the effects of these processes on the evolution of multigene families: transposed 5s genes seem to move in and out of diverse tandemly repeated gene families in different species.
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APPENDIX

Species Classification
The species names followed by a pound sign (#) correspond to species not analyzed here but whose 5s gene arrangement has previously been reported. The rDNA genes of Drosophila melanogaster (Gerbi 1985) and the house cricket Acheta domesticus (Bene and Cave 1985) are known not to contain 5s genes, whereas, as mentioned above, the 5s genes of Artemia salina are found uniquely in the histone gene repeats of this species (Andrews et al. 1987 
